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ABSTRACT
Spectroscopic observations of exoplanets are leading to unprecedented constraints on
their atmospheric compositions. However, molecular abundances derived from spec-
tra are degenerate with the absorption cross sections which form critical input data
in atmospheric models. Therefore, it is important to quantify the uncertainties in
molecular cross sections to reliably estimate the uncertainties in derived molecular
abundances. However, converting line lists into cross sections via line broadening in-
volves a series of prescriptions for which the uncertainties are not well understood.
We investigate and quantify the effects of various factors involved in line broadening
in exoplanetary atmospheres - the profile evaluation width, pressure versus thermal
broadening, broadening agent, spectral resolution, and completeness of broadening
parameters - on molecular absorption cross sections. We use H2O as a case study as
it has the most complete absorption line data. For low resolution spectra (R.100) for
representative temperatures and pressures (T ∼ 500K-3000K, P.1 atm) of H2-rich
exoplanetary atmospheres we find the median difference in cross sections (δ) intro-
duced by various aspects of pressure broadening to be .1%. For medium resolutions
(R.5000), including those attainable with JWST, we find that δ can be up to 40%.
For high resolutions (R∼105) δ can be &100%, reaching &1000% for low temperatures
(T.500K) and high pressures (P&1 atm). The effect is higher still for self broadening.
We generate a homogeneous database of absorption cross sections of molecules of rele-
vance to exoplanetary atmospheres for which high temperature line lists are available,
particularly H2O, CO, CH4, CO2, HCN, and NH3.
Key words: planetary systems — planets and satellites: atmospheres — methods:
laboratory: molecular
1 INTRODUCTION
In recent years it has become possible to observe high-
precision atmospheric spectra of a variety of exoplanets de-
tected via transits, direct imaging and Doppler surveys (see
e.g. review by Madhusudhan et al. 2014b). For example,
high-precision observations with the HST Wide Field Cam-
era 3 (WFC3) in the near-infrared (1.1-1.7 µm) has led to
unambiguous detections of H2O in several hot Jupiter at-
mospheres (Deming et al. 2013; McCullough et al. 2014;
Kreidberg et al. 2014b; Madhusudhan et al. 2014a). De-
spite the modest resolution (R∼10-100; depending on spec-
tral binning), the high photometric precisions of HST WFC3
spectra have allowed unprecedented constraints on the H2O
abundances in these atmospheres (e.g. Kreidberg et al.
∗E-mail: chedges@ast.cam.ac.uk
†E-mail: nmadhu@ast.cam.ac.uk
2014b; Madhusudhan et al. 2014a). On the other hand, it
has also become possible to detect molecules such as H2O
and CO in atmospheres of hot Jupiters orbiting bright stars
using very high resolution (R = 105) infrared Doppler spec-
troscopy with large ground-based facilities (Snellen et al.
2010; Brogi et al. 2012). Complementary to short period
exoplanets, high-resolution and high-precision spectra have
also been reported for young giant planets on large orbital
separations discovered via direct imaging from ground lead-
ing to detections of several key molecules including H2O,
CO and CH4 (Konopacky et al. 2013). While these ob-
servational advancements are already leading to detailed
constraints on the chemical compositions and physical pro-
cesses in exoplanetary atmospheres, the field will be fur-
ther revolutionised with upcoming facilities including JWST
(R ∼ 1000− 3000) in space and several large ground-based
facilities such as the E-ELT (R ∼ 105).
Central to the interpretation of such observations, how-
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ever, is the accuracy of the fundamental inputs to atmo-
spheric models. The opacity contributing to a spectrum due
to a given chemical species is proportional to the product of
its absorption cross section and the molar abundance of that
species. Therefore, the chemical abundances derived from at-
mospheric spectra, using standard retrieval codes (e.g. Mad-
husudhan & Seager 2009; Madhusudhan et al. 2011a; Line
et al. 2013; Benneke & Seager 2012; Lee, Fletcher & Irwin
2012; Waldmann et al. 2015), are directly degenerate with
the absorption cross sections. In conventional atmospheric
models the absorption cross sections are fixed as fundamen-
tal inputs and hence the uncertainties on derived chemical
abundances assume no uncertainties in cross sections. How-
ever, with improving data quality, both in precision and res-
olution, it becomes imperative to examine the uncertainties
in these model inputs. Ultimately the precision of a derived
molecular abundance will be limited by the accuracy of its
wavelength-dependent cross sections as they are assumed as
model inputs.
Significant progress has been made in recent years to
generate molecular absorption line lists for molecules of
relevance to exoplanetary atmospheres. While traditionally
molecular line databases such as HITRAN (Rothman et al.
2006) provided data for a large compendium of molecules,
the data was typically available for terrestrial applications of
temperatures . 300 K. Since exoplanetary atmospheres that
are observable with current instruments span much higher
temperatures (∼600 - 3000 K) it has become necessary to
generate high temperature line lists for many molecules.
Therefore, several new high-temperature molecular line lists
have been reported in recent years. For example, the recently
revised HITEMP database (Rothman et al. 2010) provides
a compilation of theoretical and experimental high temper-
ature line lists and line broadening parameters for impor-
tant molecules such as H2O, CO, and CO2. More recently,
and more extensively, the ExoMol database (Tennyson &
Yurchenko 2012) has reported high temperature theoretical
line lists for numerous molecules of relevance to exoplan-
etary atmospheres, including the largest line lists for CH4
and NH3 known to date (e.g. Yurchenko et al. 2013).
Molecular absorption cross sections are generated from
transition line lists by incorporating the appropriate line
broadening and binning to the required resolution. Several
factors can cause line broadening in exoplanetary atmo-
spheres, such as thermal Doppler broadening and pressure
broadening. However, while detailed high temperature line
lists are becoming available for several molecules, there is
still a lack of detailed line broadening parameters that are
required for generating accurate cross sections. Freedman et
al. (2008) and Freedman et al. (2014) report opacity calcula-
tions using existing high-temperature line lists and highlight
the lack of detailed pressure broadening parameters. In par-
ticular, current atmospheric observations are most sensitive
for giant exoplanets with H2-rich atmospheres, and hence
molecular opacities in models need to incorporate pressure
broadening due to H2. However, while latest databases such
as HITEMP provide broadening data for self and air broad-
ening, H2 broadening data is currently unavailable for most
molecules. Thus, high-temperature molecular cross sections
for several molecules rely on insufficient H2 pressure broad-
ening data (Freedman et al. 2008, 2014; Sharp & Burrows
2008). On the other hand, purely theoretical line lists such
as ExoMol are computed in zero pressure conditions due to
which pressure broadening data is typically unavailable and
hence not included while computing cross sections (e.g. Hill,
Yurchenko & Tennyson 2013). Finally, even where broad-
ening parameters are available, deriving cross sections from
line lists involves a series of numerical considerations which
can influence the cross sections.
In the present work, we investigate the dependence of
molecular cross sections on the various factors involved in
computing them from molecular line lists including both
thermal and pressure broadening. We discuss each aspect
of the construction of the cross sections and where errors
can be introduced by comparing different data sources, tem-
peratures, pressures, broadening agents, evaluation widths
and resolutions. Meaningful comparisons can be difficult to
make as cross sections span many orders of magnitude and
contain many peaks and troughs in features across wave-
lengths. As discussed in section 6.1 we find the median per-
centage difference to be a useful measure and representative
of the change due to pressure broadening as a whole. To as-
sess this we also generate a bank of cross sections with only
thermal broadening included for comparison with those in-
cluding pressure broadening. Using this method, we create a
database of molecular cross sections from a range of available
line list sources. The cross sections generated span a wide
range of pressures (10−4 - 100 atm) and temperatures (300 -
3500 K) that are relevant for exoplanetary atmospheres and
sub-stellar objects.
We investigate the cross sections over a wide range in
spectral resolution (R=102-105) which reflects current and
future instruments for atmospheric characterisation of exo-
planets as discussed above. There are a wide array of future
instruments that we can prepare for. The James Webb Space
Telescope (JWST) is scheduled for launch in 2018 and will
host several instruments in the infra-red range. NIRSPEC
and MIRI spectrographs will hold significance for the char-
acterisation of exoplanet atmospheres. NIRSPEC will en-
compass the 0.6-5 µm range using three overlapping bands.
MIRI will be a particularly broadband instrument stretching
from 5-20 µm in wavelength. NIRSPEC will have a spectral
resolution ranging up to R=1400-3600 µm for its highest res-
olution grating and MIRI will achieve R ≈ 3000 µm. This
is a drastic increase in our current capabilities with HST
which warrants an investigation into our current modelling
inputs. In the distant future we also anticipate the E-ELT
to have R=100,000 and be highly capable of atmospheric
characterisation for exoplanets. Based on these instruments
we present our tests of cross sections at a range of resolu-
tions of R=100, 1000, 3000, 10,000 and 100,000. This gives
a representative picture of what we can achieve now and in
the future.
2 LINE LIST SOURCES
There are several line list repositories available where lists
of transitions for molecules can be obtained. Those most rel-
evant to atmospheric characterisation and that are publicly
available are given in Appendix 10.1 including the number of
transitions each list contains. These databases are given in a
variety of formats but each source contains the key param-
eters (e.g. Einstein coefficients, degeneracies, energy levels,
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etc.) and a method for obtaining the line positions (e.g. in
wavenumber, ν) and the line intensities S(T ) for a given tem-
perature (T). These line data sources cover a wide spectral
range, typically spanning the visible to mid-IR (e.g. ∼0.5 µm
to ∼30 µm), although this can vary between the different
line lists. Line transitions are uniformly spread in frequency
space leading to line lists being given in wavenumber rather
than wavelength. Sources also range in their completeness
with some containing fewer transitions than others. Lack of
completeness leads to less reliable cross section data for two
reasons; gaps in the wavenumber coverage cause some fea-
tures to be missed from the cross section and lines of lower
intensity which can contribute significantly to the cross sec-
tion are not represented. As such accurate cross sections
require the most complete lists of molecular transitions.
One of the largest and most well established of all
the repositories for molecular line lists is the HITRAN
database, which has been updated every few years (Roth-
man et al. 1998, 2013). The HITRAN database has been
mainly used for terrestrial applications and predominantly
includes molecules of importance for the Earth’s atmo-
sphere, with temperatures below ∼300 K. Because of this
lower temperature approach these data are less applicable
for the most observable exoplanetary atmospheres. For cur-
rent atmospheric observations of exoplanets we require spec-
troscopic data covering a higher temperature range, e.g. for
applications to highly irradiated planets and young directly-
imaged planets which have a wide range of temperatures
going up to 3000 K. This need has been met by the newer
HITEMP database, also known as HITEMP2010 to distin-
guish from an earlier version, which contains fewer molecules
but many more transitions for each (Rothman et al. 2010).
HITEMP currently covers OH, NO, CO, CO2 and H2O
which are particularly useful for hot Jupiter atmospheres,
accurate up to temperatures of 4000K. More recently, the
ExoMol database has begun addressing the deficit of data
available for molecules of astrophysical importance at high
temperatures (Tennyson & Yurchenko 2012).
3 LINE BROADENING
The diversity of physical conditions in exoplanetary atmo-
spheres can lead to different types and degree of line broad-
ening. Exoplanetary atmospheres span a wide range of tem-
peratures (∼400 - 3000 K) and dynamical parameters (e.g.
wind speeds, and orbital and spin rotation rates) ranging
from tidally locked close-in planets to young giant planets on
wide orbital separations. The two prominent sources of line
broadening in planetary atmospheres are thermal (Doppler)
broadening and pressure (collisional) broadening (Chamber-
lain 1978; Mihalas, Auer & Mihalas 1978; Seager & Deming
2010). Thermal Doppler broadening is caused by the line-
of-sight thermal velocity distribution of molecules at a given
temperature in the planetary atmosphere. Pressure broad-
ening is induced by collisions between chemical species with
the collision frequency being a strong function of pressure.
Other sources of broadening can be prevalent depending
on the planetary properties and observing geometry. In prin-
ciple, natural broadening due to the intrinsic uncertainty in
energy levels is always present but is expected to be negli-
gible compared to other broadening mechanisms discussed
above. Further broadening and shifting of spectral lines can
be caused by the planetary rotation and strong winds in the
planetary atmosphere, especially for close-in hot Jupiters
observed in transmission spectra (Spiegel, Haiman & Gaudi
2007; Miller-Ricci Kempton & Rauscher 2012; Showman
et al. 2013). Finally, rotational broadening due to the spin of
the planet can also be significant, especially for exoplanets
that are not tidally locked such as those on wide orbital sep-
arations (Snellen et al. 2014). These sources of broadening
can be important on a case-by-case basis.
3.1 Broadening Profiles
Opacities used in models of exoplanetary atmospheres typ-
ically include thermal and pressure broadening of the spec-
tral lines wherever the broadening parameters are available.
While thermal broadening is straightforward to include (e.g.
Hill, Yurchenko & Tennyson (2013)), the parameters for
pressure broadening are sparse as relevant approximations
need to be made for each molecule considered (Freedman
et al. 2014; Freedman, Marley & Lodders 2008), as discussed
in section 3.3. In the present work, we consider both ther-
mal and pressure broadening and investigate the effect of
the assumed pressure broadening parameters on the result-
ing absorption cross sections.
Under the assumption of a Maxwell-Boltzmann thermal
velocity distribution the Doppler broadening takes the form
of a Gaussian profile. On the other hand, pressure broaden-
ing is represented by a Lorentzian profile. The Doppler and
Lorentzian broadening profiles are given, in wavenumbers in
cm−1, as
fD(ν − ν0) = 1
γG
√
pi
exp(− (ν − ν0)
2
γ2G
) (1)
fP (ν − ν0) = 1
pi
γL
(ν − ν0)2 + γ2L
(2)
where, νo is the centroid in wavenumbers, γG we de-
fine as the Doppler width and γL is the Lorentzian pressure
broadening half-width at half-maximum (HWHM) both in
units of cm−1. These are given by (see e.g. Hill, Yurchenko
& Tennyson 2013; Rothman et al. 1998):
γG =
√
2kBT
m
ν0
c
(3)
γL =
(Tref
T
)n
P
∑
b
γL,b pb (4)
where, P is pressure in atm, T is the temperature in
Kelvin, Tref is the reference temperature (usually 296K),
pb is the partial pressure of the broadener, n is a tempera-
ture scaling factor and γL,b indicates the Lorentzian HWHM
due to a specific broadening molecule in units of cm−1/atm.
Here kB is the Boltzmann constant, m is the mass of the
molecule in grams and c is the speed of light in cm/s. Here,∑
signifies the sum over all the broadening parameters for
each broadening medium.
Pressure broadening is typically harder to evaluate than
thermal broadening for multiple reasons. Firstly, as alluded
to above, the line-by-line pressure broadening parameters,
c© 0000 RAS, MNRAS 000, 1–24
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n(ν) and γ(ν), are typically unavailable for most molecules
under the conditions encountered in exoplanetary atmo-
spheres, e.g. high temperatures up to ∼3000 K and varied
atmospheric compositions such as H2-rich gas giant atmo-
spheres (Freedman et al. 2008,2014). We discuss this further
in section 3.3. Secondly, the Lorentzian profile contributes a
higher percentage to its extensive wings which can result in
a significant amount of the intensity being moved into the
wings of the line profile. In cases of extreme broadening this
can significantly increase the impact of high intensity tran-
sitions far from the line centre and influence cross sections
from neighbouring low intensity transitions. Therefore, the
profile needs to be treated particularly carefully by sampling
the Voigt well to approximate the profile shape with low un-
certainties. This ensures appropriate normalisation so that
no intensity is lost from binning the profile.
Figure 1 shows the spread of both the Lorentzian
HWHM (γL,b) and the temperature scaling parameter (n)
with the intensity for CO, one of the simplest molecules
in the database. We can see discrete levels in each param-
eter due to the discrete nature of the J quantum number
that the pressure broadening values are generated from in
Complex Robert-Bonamy (CRB) calculations (Antony et al.
2006; Robert & Bonamy 1979). The spread is quite narrow in
this parameter space leading us to believe that a mean value
of each parameter could reasonably approximate the results
of a detailed line-by-line treatment of pressure broadening.
It is useful to understand where each of the two broad-
ening mechanisms contributes most significantly in the
pressure-temperature (P -T ) space relevant for exoplanetary
atmospheres. However, as the two profiles are disparate with
a Gaussian profile containing more information in the core
compared to the extended Lorentzian wings it is difficult
to compare the two with a common metric. Nevertheless,
Figure 2 shows a comparison between the Doppler HWHM
(γG
√
ln2) and the Lorentzian HWHM over the P -T space
of interest to give an approximation of where each profile
contributes most significantly. As expected, at low pressures
thermal (Gaussian) broadening provides a significant con-
tribution to the final profile core, whereas at high pres-
sures pressure (Lorentzian) broadening is stronger. Closer
to the boundary between these two regimes, both broad-
ening mechanisms are likely to contribute significantly to
core of the profile. Furthermore, due to the extended wings
of the Lorentzian it is generally advisable to consider both
broadening contributions even when the Lorentzian HWHM
is narrow in comparison to the Gaussian. This is done using
the Voigt profile discussed below.
As discussed in Ngo et al. (2012) it has been shown
through comparisons with experimental data on pressure
broadening that there is some deviation in reality from the
Voigt profile. This is due to the change in velocity of the
broadener particle by the collision with the broadening agent
which affects the profile shape, the width and the shift of the
line. Here we have used only the standard Voigt profile and
have not investigated further in terms of profile shape. It
would be possible to change to a more sophisticated profile
and regenerate molecular cross sections if it were found to be
an important factor. These deviations due to the velocity of
the particles undergoing collisions are of the order of a few
percent and we do not expect a more physically accurate
Voigt profile shape to impact our results.
Figure 1. Pressure broadening parameters for the CO line list
from HITEMP. We see discrete values of each parameter as the
CRB formalism uses the discrete J quantum number. Self and
air broadening parameters have both been plotted here and show
that in general air broadening values are slightly lower than self
broadening.
3.2 Evaluating the Voigt Profile
The joint contributions due to thermal and pressure broad-
ening are modelled using a Voigt profile which is a convolu-
tion of the Gaussian and Lorentzian profiles, given as
fV (ν − ν0) =
∫ ∞
−∞
fG(ν
′ − ν0)fL(ν − ν′)dν′. (5)
The characteristic width of the Voigt function is inves-
tigated by Olivero & Longbothum (1977). Using coefficients
from this work we define the Voigt width γV with the ap-
proximation
γV ≈ 0.5346γL +
√
0.2166γ2L + γ
2
G. (6)
This Voigt width is used in later sections to approximate
the width of the combination of the two profile types.
The issue of how best to evaluate the Voigt profile is a
well known problem. The profile must be calculated accu-
rately and quickly for a wide range of Lorentzian and Gaus-
sian profiles, corresponding to the wide range of tempera-
ture and pressure values, for potentially millions of lines of
a given molecule. The two parameters used for generating
the profile are
u =
ν − ν0
γG
, a =
γL
γG
(7)
where, u is the distance from the profile centroid and a is
the ratio of the Lorentzian and Gaussian widths (Zaghloul
2007). To be able to calculate the Voigt function accurately
u must be evaluated over many orders of magnitude to en-
compass the relevant temperature and pressure region.
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Figure 2. Comparison of widths of line cores of Gaussian vs
Lorentzian profiles in pressure-temperature space. The red (blue)
region represents P-T space where the HWHM of a Gaussian
(Lorentzian) profile is wider than that of a Lorentzian (Gaussian)
profile. The Gaussian profile is wider at low pressures and the
Lorentzian at high pressures, as expected.
The Voigt function is given as
fv(ν, γG, γL) = H(a, u) (8)
where, as above γG and γL are the widths of the Gaus-
sian and Lorentzian widths and ν denotes wavenumber.
Here,
H(a, u) =
1
pi
∫ ∞
−∞
ae−t
2
(u− t)2 + a2 dt. (9)
From formula 7.4.13 in Abramowitz & Stegun (1964)∫ ∞
−∞
ye−t
2
(x− t)2 + y2 dt = piRw(x+ iy), (10)
where
w(z) = e−z
2
erfc(−iz), (11)
where erfc is the complimentary error function
erfc(z) = 1− erf(z), (12)
where erf is the error function
erf(z) =
2√
pi
∫ z
0
e−t
2
dt. (13)
From this we can see that
fv(ν, γG, γL) = Rw(u+ ia) (14)
The function w(z) is known as the Faddeeva func-
tion and here is calculated using the Faddeeva package
(S. G. Johnson 2012).
Several numerical methods have been proposed to com-
pute the Voigt profile accurately and efficiently over different
regions of parameter space (Schreier 2011). We implement
the Voigt profile using a method based on the complex error
function or Faddeeva function (S. G. Johnson 2012). This
is a fast and accurate method with the relevant libraries
publicly available. The Faddeeva package includes Algorithm
916 from Zaghloul & Ali (2011) which is known to provide
accurate results. We find this package gives converged pro-
files over our required parameter space with fast computa-
tional speeds of less than 2 ms per profile. We use a sampling
rate of 6 points per Voigt width, which is much finer than our
required final resolution. We evaluate the Voigt profile to 500
Voigt widths around the centroid to accurately capture the
information in the Lorentzian wings, as the derived cross
sections are critically dependent on this evaluation width
(discussed in more detail in section 5.2).
3.3 Availability of Broadening Parameters
Computing line broadening, as discussed above, requires
broadening parameters for each line for both the thermal
and pressure broadening components. For thermal broaden-
ing of a spectral line of a given molecule at a given tem-
perature the Doppler width (γG) is easily calculated from
Equation 3. Several recent works have reported such ther-
mal broadened cross sections for several molecules, e.g. Bar-
ber et al. (2006), Hill, Yurchenko & Tennyson (2013). Fig-
ure 3 shows a comparison between cross sections for H2O
generated with only thermal broadening and those gener-
ated with a full Voigt profile including both thermal and
pressure broadening. It is clear that the Voigt profile has a
significant effect on the low intensity lines, and increases the
overall continuum of the molecular cross sections, especially
where pressure is high.
Despite their critical importance pressure broadening
parameters are not yet readily available for all molecules
of relevance to exoplanetary atmospheres (Freedman et
al. 2008,2014). As shown in Equation 4, the parame-
ters required for computing pressure broadening are the
Lorentzian HWHM (γL) for the required broadeners and
the temperature-scaling parameter (n) for each line in the
line list. These parameters are hard to determine. Theo-
retical calculations of pressure broadening parameters are
particularly time consuming and not covered for a wide
range of molecules or broadening agents, particularly at
high temperatures. Such methods have been explored by
Gamache et al. (1997); Gamache, Laraia & Lamouroux
(2011) and used to generate the HITRAN database, e.g.
Complex Robert-Bonamy (CRB) calculations are used as
discussed in Gamache, Lynch & Neshyba (1998); Gamache
et al. (2012) where values are also verified experimentally.
Molecular line lists in the HITRAN data base do contain
pressure broadening parameters for self-broadening and air-
broadening, but are typically relevant only to low tempera-
ture atmospheres (∼300 K). For high temperature exoplan-
etary atmospheres, particularly of H2-rich atmospheres that
are most observable, pressure broadening data is still scarce.
Typically, state-of-the-art ab initio line lists such as ExoMol
are computed under zero pressure conditions due to which
the pressure broadening line parameters are not available.
On the other hand experimental data are also scarce for the
conditions relevant for exoplanetary atmospheres.
In recent years, significant efforts have been dedicated
towards generating pressure broadening parameters for ex-
oplanetary applications, particularly with a focus on broad-
ening molecules such as H2 and other molecules of interest
outside of Earth applications. Useful parameters for impor-
tant molecules can be found in works such as (Li et al. 2015)
c© 0000 RAS, MNRAS 000, 1–24
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and (Faure et al. 2013) where pressure broadening coeffi-
cients are made available. In this work we use only air and
self broadening provided by HITEMP and HITRAN and the
PS 1997 list for water from (Partridge & Schwenke 1997),
which contains H2 broadening R. Freedman, personal com-
munication). We focus on the H2O case as it is the most well
studied molecule currently with a large variety of line list
sources and three different broadening molecules available
to test. Further, H2O is one of the best measured molecules
in exoplanet atmospheres to date. We anticipate expanding
this work to cover other molecules such as CO with further
broadening agents as it is another molecule of interest, par-
ticularly in very high resolution Doppler spectroscopy of hot
exoplanetary atmospheres (e.g. Snellen et al. 2013).
However, despite these sources there is a lack of both
experimental and theoretical high-temperature data on H2
broadening parameters for many molecules of interest for
exoplanetary atmospheres, e.g. CH4, CO2, NH3, C2H2,
HCN, TiO, CO, etc (Madhusudhan 2012). Currently most
molecules that are available with pressure broadening infor-
mation have only self broadening and air broadening param-
eters. This is beginning to be addressed and more H2 broad-
ening parameters are becoming available Wilzewski et al.
(2016).
There has been a great deal of work in making these
parameters accurate and accessible which is made difficult
by the sheer volume of lines for which broadening parame-
ters are needed. Databases such as HITEMP, HITRAN and
GEISA give pressure broadening values for each transition
for each molecule. Where values are not available we are
forced to turn to what is available in the literature from
experiments and from other line lists. Where detailed line-
by-line pressure broadening values are not available for a
molecule we use the mean of pressure broadening values
available from other sources. While this approach is not ideal
it is currently the only option in some cases. For example
in this work the YT10to10 line list for CH4 is highly com-
plete and a useful asset to modelling of exoplanetary atmo-
spheres, however pressure broadening values have not been
calculated. An alternative HITRAN list has pressure broad-
ening components but only a small fraction of the molec-
ular transitions are covered and the list is only appropri-
ate for room temperature applications. We will discuss the
consequences of this method of taking the average broaden-
ing in section 6.3 and the impact using a mean broadening
value has on the final cross section. Table 3 also shows which
molecules have detailed broadening available and which only
have mean broadening. For each case where detailed broad-
ening parameters are available a mean case has also been
investigated in order to make a comparison.
4 GENERATING CROSS-SECTIONS
The combination of molecular line parameters and broaden-
ing profiles discussed above allows us to compute the molec-
ular absorption cross sections which form inputs to exoplan-
etary atmospheric models. We compute molecular cross sec-
tions over a wide range of pressures (P ) and temperatures
(T ) relevant for exoplanetary atmospheres. Our grid in P -T
space is shown in Table 1. For each point in P -T each cross
section will usually be calculated multiple times using differ-
Figure 3. Comparison of purely thermally-broadened H2O cross
sections (blue) with cross sections including both thermal and
pressure broadening using a Voigt profile (red) at the native
line spacing of 0.01 cm−1. A combination of the two broaden-
ing types brings extensive wings from the Lorentzian component
which brings up the level of the continuum.
ent broadening parameter or source. If a cross section was
required between these points interpolation could be used
on the cross sections between the nearest pressure and tem-
perature values as outlined in Hill, Yurchenko & Tennyson
(2013). In this section, we describe the procedure we use to
compute cross sections.
4.1 Line Intensities and Partition Functions
Generation of cross sections requires the intensity of
each transition to be accurately calculated. Most line list
databases give Einstein coefficients for each transition with
degeneracies and energies for each state. These can be con-
verted into line intensities as (Rothman et al. 2013):
Si,j(Tref ) =
Ai,j
8picν2i,jQ(Tref )
gie
−hcEj/kBTref (1−e−hcνi,j/kBTref )
(15)
where Ai,j is the Einstein coefficient for spontaneous
emission for the transition between states i and j, gi is the
upper state degeneracy, Ej is the lower state energy in cm
−1
and νi,j is the transition frequency between i and j, also
in cm−1 and finally h is Planck’s constant. Here, Q(Tref )
is the partition function at the required reference tempera-
ture. When an intensity is given at a reference temperature,
usually 296 K, it can be converted to an intensity at any
temperature using
Si,j(T ) = Si,j(Tref )
Q(Tref )
Q(T )
exp(−hcEj/kBT )
exp(−hcEj/kBTref )
[1− exp(−hcνi,j/kBT )]
[1− exp(−hcνi,j/kBTref )]
.
(16)
This gives the intensity of a transition in units of
cm−1/(molecule cm−2).
As evident from Eqs. 15 and 16 the partition function
scales the line intensities. The partition function gives a
measure of how many of the molecules of a gas are in the
ground state compared with all other states. This ratio of
state populations increases with temperature as it becomes
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more likely to find particles in higher energy states. This is
intrinsically linked to the energy of each transition which
makes the partition function unique for each molecule. The
partition function is given by
Q(T ) =
∑
j
gje
−Ej/kBT (17)
where gj is the lower state degeneracy and Ej is the
lower state energy as described in Eq. 15. However, to calcu-
late a partition function this way the spectral information of
the molecule must be complete. Missing transitions result in
an inaccurate partition function which will not be represen-
tative, especially at high temperatures. Information on how
partition functions are calculated for ExoMol can be found
in Tennyson & Yurchenko (2012). Errors in the partition
function may cause discrepancies that are small when con-
sidering individual cross sections at particular temperatures
but may impact significantly when considering full atmo-
spheric models. Models of atmospheres involve temperature-
pressure profiles with respect to altitude and so require cross
sections at many different temperatures to be included in
computing the emergent spectrum. This will cause any er-
rors in the cross section from the partition function to be-
come compounded by many layers of an inhomogeneous at-
mosphere.
In the present work, partition functions have either
been adopted from existing databases or computed using
the TIPS code (Fischer et al. 2003). The ExoMol database
provides partition functions for use with each molecular line
list. The HITRAN database uses the TIPS code as discussed
in Fischer et al. (2003) to create partition functions between
70K-3000K. There can be some discrepancies between par-
tition functions from different sources, particularly at high
temperatures. Some are only available in a small range of
temperatures. Where this is the case we use extrapolation
to find the values at higher temperatures. In our case this
only affected our highest temperature point of T=3500K.
Using a line list at a temperature greater than that
recommended by the source is possible by using the cor-
rect partition function. However, while at low temperatures
many transitions have low enough intensity to be discounted
without effecting the final result, as temperature increases
these low intensity lines begin to contribute more noticeably.
Because of this any low transitions that are missed, (either
by an intensity cut off that is too low or from being omitted
in the source,) can cause errors in the cross section if molec-
ular line lists are used above their recommended temper-
atures. These temperatures are given in the last column of
Table 3. Here we see with the exception of NH3 and CH4 the
ExoMol and HITEMP line lists provide coverage up to and
beyond the temperatures used in this work. The HITRAN
sources, used primarily for earth applications, are only valid
at room temperature. Due to their small number of transi-
tions, (shown in Table 5) HITRAN line lists are unreliable
at high temperatures even when used with the correct parti-
tion function. Nevertheless, these have been included in this
work for two reasons; firstly to investigate the dependence
of completeness of line list sources on the accuracy of cross
sections and, secondly, to include useful molecules that are
not covered by any other source.
T (K) 300 400 500 600 700 800 900
- 1000 1200 1400 1600 1800 2000 2500
- 3000 3500
P (atm) 0.0001 0.001 0.01 0.1 1 10 100
Table 1. Pressure-Temperature grid for cross sections. Values
between these points could be interpolated by the user to allow
a finer grid. These points have been chosen as they represent
observable temperatures and pressures of currently known exo-
planets.
Wavenumber Range [cm−1] Grid spacing ∆ν [cm−1]
10-100 10−5
100-1000 10−4
1000-10000 10−3
10000-30000 10−2
Table 2. Table from (Hill, Yurchenko & Tennyson 2013) giving
the staggered spacing of the grid for used for line mapping. Here
we present an alternative adaptive grid spacing which is given in
Equation 18.
4.2 Cross-Sections from Line Intensities
Cross sections are derived from line intensities by first broad-
ening with the appropriate profile. This is followed by bin-
ning the resultant cross sections to the desired spectral reso-
lution. This is a general approach followed by several recent
studies (e.g. Hill, Yurchenko & Tennyson 2013), albeit with
minor differences in implementation. Here we discuss our
implementation. The differences from other works are dis-
cussed in section 5. For a given temperature (T ) and pres-
sure (P ), computing the cross sections from line intensities
involves three steps as follows.
Firstly, the Voigt profile (fv) is computed at a high
resolution in order to accurately evaluate each individual
line profile as described in section 3.2. The spacing of this
fine grid, here referred to as the ‘sub-grid’, is given as
∆ν =
γv(ν = 500, T, P,m)
6
(18)
where, γv(ν = 500, T, P,m) is the HWHM of a Voigt
profile at ν = 500 cm−1. We find this prescription, which
samples each Voigt width with 6 points, to provide the req-
uisite resolution and accuracy with optimal computational
speed, as discussed in more detail in section 5. This very fine
sampling gives an accurate representation the Voigt function
across the whole wavenumber space. This sub-grid spacing
is a function of T , P and molecular mass making it specific
to the molecule concerned.
Secondly, for a given spectral line, the cross section is
computed at each point on the sub-grid described above.
The cross section σ(ν) of a transition between states i and
j at a certain pressure (P ) and temperature (T ) is given by
σi,j,P,T (ν) = Si,j,P,T
fv(ν)∫∞
−∞ fv(ν) dν
≈ Si,j,P,T fv(ν)∫ νi,j+∆νc2
νi,j−∆νc2
fv(ν) dν
(19)
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in units of cm−1/molecule where, Si,j,P,T is the line intensity
and fv(ν) is the Voigt function with broadening parameters
corresponding to the line at the given P and T. νi,j is the
wave number of the line centre and ∆νc is the extent of the
profile to which the line wings are evaluated. For a given
line, we use a ∆νc value of 500 Voigt widths, (250 around
the line centroid,) which we find to be optimal, as discussed
in section 5. The integral is evaluated up to this cut off and
normalises the profile. Evaluating up to this cut off effec-
tively folds in the intensity from the missing wings that are
not evaluated back into the profile, ensuring no intensity is
missed.
Finally, the high-resolution cross section profile com-
puted for each line as described above is binned to a final
cross section grid with a coarser spacing for saving on stor-
age space. The final cross section grid spacing is still high
resolution at 10−2 cm−1 which corresponds to a resolution
of R=100,000 or greater depending on wavelength. For in-
stance, at a wavelength of 1 µm this spacing corresponds
to a spectral resolution (R = λ/dλ = ν/dν) of 106. When
a lower resolution cross section grid is desired, this high-
resolution grid can be binned down further in frequency-
space or wavelength-space as required. For example, for a
given resolution R the grid points in wavelength space can
be determined following R = λ/dλ which will give a non-
linear grid in λ. The mid points between adjacent bins are
selected and all values within these bounds are averaged giv-
ing the binned down contribution at each wavelength on the
grid.
In this work as, in discussed in Rothman et al. (2013)
and other works, we apply a cut in intensity to only evaluate
the significant lines. This provides a reduction in computa-
tion time with minimal effect on accuracy as very low inten-
sity lines contribute little to the final cross section even at
high resolution. We apply a cut off at 10−30 cm−1/(molecule
cm−2) in intensity across all line lists apart from the BYTe
and YT10to10 line lists for NH3 and CH4 respectively.
Due to their large size the cut off was increased to 10−26
cm−1/molecule cm−1. We find that as both these molecules
have many complex transitions our results are unaffected
by omitting these low lines across all resolutions covered.
Unlike the HITRAN database we do not scale our cross sec-
tions by any relative abundances of isotopes based on their
terrestrial measurements. This gives each cross section with
the molecule at 100% abundance.
The complete list of molecules used in this work includ-
ing all sources for data is given in Table 3. Many different
line list sources were chosen, particularly for water, for com-
parison to investigate how completeness effects the resulting
cross section.
5 OPTIMAL RESOLUTION AND CUT OFF OF
BROADENING PROFILE
It is important to consider an appropriately high resolution
and extent of the line profile in order to accurately sam-
ple the contribution from the profile. Both these properties
also influence the computational cost. Therefore, it is de-
sirable to adopt optimal values for each of the properties
which facilitate both a high enough accuracy and a reason-
able computation time. Several recent studies have adopted
Molecule Source Broadening Max T (K)
Agent
H2O BT2a Self, Air 3000K
H2O HITEMPb Self, Air 4000K
H2O HITRANc Self, Air 296K
H2O PS (1997)d H2 -
CO2 HITEMPb Self, Air 4000K
CO2 HITRANc Self, Air 296K
CO HITEMPb Self, Air 4000K
CO HITRANc Self, Air 296K
OH HITEMPb Self, Air 4000K
OH HITRANc Self, Air 296K
NO HITEMPb Self, Air 4000K
NO HITRANc Self, Air 296K
CH4 YT10to10e Self, Air 2000K
CH4 HITRANc Self, Air 296K
NH3 BYTef Self, Air 1600K
NH3 HITRANc Self, Air 296K
HCN Harrisg Self, Air 4000K
HCN HITRANc Self, Air 296K
C2H2 HITRANc Self, Air 296K
a Barber et al. (2006)
b Rothman et al. (2010)
c Rothman et al. (2013)
d Partridge & Schwenke (1997)
e Yurchenko & Tennyson (2014)
f Yurchenko, Barber & Tennyson
(2011)
g Harris et al. (2006)
Table 3. Molecules used to generate cross section database and
all line list sources, including which broadening agents are given.
(Note HITRAN is recommended at room temperature of 296K.)
Here we choose many different sources to compare the effect that
completion has on our final cross sections.
different prescriptions for these parameters in the particular
context of molecular cross sections for exoplanetary applica-
tions (e.g. Hill, Yurchenko & Tennyson 2013; Grimm & Heng
2015). In this section, we systematically investigate the ef-
fect of both the profile grid resolution as well as the extent
of the profile wings on the cross sections in an attempt to
determine optimal values for these parameters.
5.1 Effect of Profile Grid Resolution
In the present work we use a grid resolution that is adaptive
with the equivalent width of the Voigt profile for a given
line profile as given in Eq 6. This approach allows for op-
timal computational time while ensuring high accuracy of
the cross sections. In this formulation, the grid in frequency
space on which we evaluate the Voigt profile, here referred
to as the ‘sub-grid’ , is defined by Eq. 18. In this work we use
a minimum sampling of 6 points per Voigt width which was
found to be sufficiently accurate based on the investigations
carried out below. Evaluating this spacing at ν =500 cm−1
gives a conservative estimate of the width of a Voigt profile
where the Gaussian component is narrowest. (See Equation
3.) This also corresponds to a wavelength of 20 µm which is
the longest wavelength of interest in the present work and
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the upper wavelength limit of the infrared observations of
exoplanetary atmospheres for instruments such as MIRI on
JWST. The necessary grid spacing can become very wide at
high pressures where the equivalent width of the Voigt pro-
file becomes large. Therefore, we place an upper-limit of 0.01
cm−1 on the grid spacing. When evaluating Voigt profiles on
this grid the range up to which the profile is calculated is
given by ∆νc, as shown in Eq 19, and discussed in detail in
section 5.2.
Our spacing is coarser than that used in some previous
studies but is optimised for computational time and accu-
racy in computing cross sections. For example, the spacing
used in Hill, Yurchenko & Tennyson (2013), as shown in Ta-
ble 2 and referred to here as a staggered grid, is finer than
the grid employed here. This is in part due to work from
Hill, Yurchenko & Tennyson (2013) concerning only ther-
mal broadening where their profile is Gaussian and much
narrower requiring finer grid spacing to normalise. However
using our coarser, adaptive grid does not cause significant er-
rors in the final cross sections. Figure 4 shows a comparison
between the spacing of our adaptive grid and the staggered
grid for a representative temperature of 1000 K. It can be
seen that both grids are much finer than the Voigt widths for
each pressure case, (upper panel). While a fine grid spacing
gives highly accurate profiles using the staggered grid can
lead to unnecessarily high resolution, especially in the limit
of high pressures where the profiles become inherently very
broad. This can be computationally expensive particularly
for high pressures. The grid we propose in Eq. 18, referred
to here as an adaptive grid as its spacing with changes in
pressure, uses fewer points at higher pressures to overcome
this problem while preserving the accuracy.
Ensuring the profile is evaluated accurately is impera-
tive to achieve an accurate normalisation and neither under
nor over represent the line intensity contribution at each
grid point. For normalising the profiles we compute the area
under the curve using a simple trapezium rule. When a pro-
file is only sparsely evaluated this approach will tend to a
greater area estimation, producing a lower intensity contri-
bution from each line profile after normalisation. This results
in a small percentage of “missing” intensity. To test the va-
lidity of our approach we analyse this amount of missing
intensity in a single profile when calculated using the adap-
tive grid compared with the finer, staggered grid from Hill,
Yurchenko & Tennyson (2013). This is done for each T and
P point.
In order to test our adaptive grid and how well it ap-
proximates the Voigt profile it is compared with the stag-
gered grid using a wide cut off of ∆νc=100 cm
−1 wavenum-
bers for each pressure and temperature case. Here we take
one profile per T and P point only and map to each grid.
The profiles are generated in the same way as in section 3.2.
Any difference in the profiles will effect the integrated area,
which is used for normalisation. We consider the staggered
grid to be high enough resolution in all cases that it will
produce an accurate area estimation. The comparisons have
been conducted over a range of wavelengths but here we se-
lect a representative wavelength of λ =2µm for illustration.
Figure 5 shows the results of this comparison. The difference
in the final output of these grids is very small with .0.2% of
intensity missing at P<1 atm at all temperatures. At P=10
atm a maximum of 2% of the original intensity is missed at
Figure 4. Comparison of grid spacing in our adaptive grid with
that in the staggered grid from Table 2 of Hill, Yurchenko & Ten-
nyson (2013) for different pressures. Top: The coloured lines show
the Voigt profile widths at different pressures and a representa-
tive temperature of 1000 K. The staggered grid spacing is shown
in dashed line for reference, demonstrating that the grid spacing
is well below the Voigt profile width for pressures down to 10−4
atm. Bottom: The coloured lines show the adaptive grid spac-
ing we use. For high pressures (>1 atm), the minimum spacing
is fixed at 10−2 cm−1 as profiles become very broad. While our
grid spacing is coarser than the staggered grid spacing for high
pressures the resultant effect on the cross sections is small, as
shown in Fig. 5. Note that a single value of broadening width and
temperature scaling has been adopted for this figure.
low temperatures. The largest differences found are ∼10%
for pressures of 100 atm, but given that such high pressures
are not directly observable for exoplanetary atmospheres the
corresponding differences are less of a concern. We find that
in such cases the cut off chosen ∆νc is too narrow for the
extreme case of P=100 atm. For the 10−4 to 10 atm pressure
range we find the adaptive grid to be very accurate, partic-
ularly after binning to the final output grid with a spacing
of 0.01 cm−1 which corresponds to a spectral resolution of
R=105-106 at λ <10 µm.
5.2 Effect of Profile Evaluation Width
In order to accurately account for the contribution of the line
wings the broadening profile must be evaluated over a wide
enough range centred on the line centre, referred to here as
a cut off value (∆νc), as discussed in section 4.2. This cut
off value determines the extent of evaluation of the profile as
well as its normalisation as described in Eq. 19. The choice
of ∆νc has already been noted in the field as an important
factor in computing cross sections (Sharp & Burrows 2007;
Grimm & Heng 2015). A common approach is to apply a cut
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Figure 5. Comparison of adaptive grid with staggered grid from
Table 2 . Voigt profiles are mapped to a fine grid from equation
18. The integrated area under the profile for the adaptive case is
compared with that for the staggered case to produce this result.
Only pressures of ∼100 atm are affected significantly by the res-
olution of the adaptive grid beyond a few percent. Below 1 atm
the difference is ≈ 0.2% or less.
off in wavenumber, with values ranging between 10 and 100
cm−1, especially for high pressures as discussed by Sharp
& Burrows (2007). Another approach is to take a number
of Lorentzian widths from the centroid such as in Grimm
& Heng (2015), however this does not take into account
the full width of the profile after its convolution with the
Gaussian component. We employ a cut off in multiples of
Voigt widths, given by Eq 18 and implemented in Eq 19.
The ∆νc in this approach adapts with both the Lorentzian
and Gaussian components ensuring that the wings of the
profile are accounted for in an adaptive manner depending
on the broadening conditions.
Based on our investigation we find 500 Voigt widths to
be sufficient for current applications including JWST-like
resolutions and VLT applications with small uncertainties
when using the standard Voigt profile.
Several cut off values have been investigated to establish
the optimal balance between accuracy and computational
time. As discussed above we use multiples of Voigt widths
to establish a cut off that adapts to the specific profile. When
using a short cut off lower intensity lines are underestimated
by many orders of magnitude due to the lack of additional
intensity from the wings of high intensity neighbours. This
leads to the continuum being poorly approximated by short
cut offs. When the cut off is increased we maintain the same
normalised area within the profile. Because of this the pro-
file height becomes slightly shorter as the cut off becomes
wider. Due to this effect we find that at low cut off values
the cores of very strong lines are slightly over estimated,
(by approximately 0.2%) at the native spacing of the grid.
The effect of this slight overestimation will reduce drastically
with resolution.
The underestimation in the profile wings is 10% for
H2O at the native spacing. However this underestimation is
Figure 6. Comparison of cross sections obtained at the high-
est resolution using profile evaluation width (∆νc) of 500 Voigt
widths versus 10,000 Voigt widths for H2O at 500K and 0.1 atm.
Overestimated and underestimated points are shown in red and
blue, respectively. We see there are some points overestimated by
more than 0.1%, however no points are overestimated by more
than 1%. The underestimations average 10% at this high resolu-
tion.
confined to the lowest intensity transitions with high inten-
sity neighbours which are by their nature confined within
high intensity features. As such an underestimation in these
points is of less consequence to most applications.
Due to the profiles being very broad at high pressures
where the Voigt profile width is beyond 0.01 cm−1 the spac-
ing becomes fixed to 0.01 cm−1 wavenumbers. This also fixes
our evaluation width to 60 cm−1 wavenumbers around the
centroid. For high pressures, (P> 10 atm), this is an under-
estimate, however such pressures are less useful for atmo-
spheric modelling in exoplanets.
5.3 Comparison of Evaluation Widths
The wings of the profile will have an affect on any neighbour-
ing lines. If wings are not evaluated out to a large enough
separation the continuum for neighbouring lines will be un-
derestimated. This is particularly important in the case of
line lists and cross sections as intensities span many orders of
magnitude and so line wings from high intensity transitions
can be comparable to the peaks of low intensity neighbours.
However the cut off also affects the evaluation of the profile.
A cut off that is too close to the centroid will provide poor
normalisation and will miss some of the intensity contribu-
tion.
The cut off value ∆νc is fixed at 500 Voigt widths
around the centroid. This is designed so that the evaluation
width adapts to both the Gaussian and Lorentzian profiles
which is particularly important at extremes of pressure or
temperature. This gives 250 Voigt widths around the cen-
troid in each direction. ∆νc is increased to 1000 Voigt widths
around the centroid at pressures of 1 atm and above. To es-
tablish the difference between this method and others in the
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Figure 7. Comparison of the Voigt width cut off from Eq 18
with ∆νc set at 500 Lorentzian widths. For pressures of 0.001 atm
and below we see that missing intensity can be as high as ∼50%
leading to a loss of information at these crucial low pressures.
field we undertake the following comparisons. Firstly we take
a single Voigt profile on our fine, adaptive grid given by Eq.
18 and ∆νc of 500 Lorentzian widths as taken from Grimm
& Heng (2015). The Voigt profile is calculated in the same
way as given in section 3.2. This is then compared with a
single Voigt profile on the same grid with a cut off at 500
Voigt widths, our value of ∆νc. The profiles are left unnor-
malised. The missing area from the Lorentzian cut off when
compared with the method we present is then evaluated as
a percentage of the total profile area.
The percentage of missing intensity from this compari-
son is shown in Figure 7. It can be seen from the Lorentzian
and Voigt width equations that the Voigt width should
always cover the same or more wavenumbers and so the
Lorentzian width cut off has a smaller integrated area than
our approach.
The Lorentzian width evaluation fails at low pressures
as the thermal Gaussian component becomes much stronger
at lower pressures. These low pressures are crucial to un-
derstanding the upper atmospheres and are the most likely
to effect observations. Any intensity missed in the initial
evaluation of the profile then leads to inaccuracies to each
individual profile which can then be further compounded by
binning several such transitions to the final output grid. An
underestimation of the true area under the profile results
in an incorrect normalisation and an overestimation of the
cross section value for each transition. We see in Figure 7
this overestimation can be 50% for pressures of 0.001 atm.
Another approach, taken from Sharp & Burrows (2007),
is to apply ∆νc of a certain number of wavenumbers from
the centroid. Sharp & Burrows (2007) suggest ∆νc =
min(25P, 100) cm−1, where P is pressure in atm. This ap-
proach also adapts in pressure. However we find this also
provides an underestimation of the area under the Voigt
profile at low pressures as shown in Figure 8.
Based on these parameters we find our combination of
a sparse, adaptive grid with a wide cut off to be an im-
Figure 8. Comparison of the Voigt width cut off from Eq 18
with a cut off set at 25P wavenumbers (up to a maximum of
100cm−1) around the centroid. For pressures of 0.001 atm and
below the differences are ∼50% or greater.
provement on current methods in the field in terms of both
accuracy and reduction in number of points which require
evaluation. We also find our method to give sufficiently ac-
curate profile estimates for the final output grid spacing of
0.01 cm−1 and the instrument resolutions given here in later
sections.
5.4 Sub-Lorentzian Shapes
In this work, as discussed in Section 3, we use only the
standard Voigt profile without modification to account for
changes in the shape from other processes, (e.g. line-mixing
and collisionally induced velocity changes) such as those dis-
cussed in Ngo et al. (2012). Edwards & Strow (1991) and
Birnbaum (1979) discuss specifically a sub-Lorentzian shape
for pressure broadening where the far line wings are mod-
ified by an exponential, reducing their contribution. Cur-
rently there are many estimates of the distance from the line
centroid where this occurs ranging from 1-30cm−1. This sub-
Lorentzian shape at the far line wings can be difficult to esti-
mate and contributions to the profile at large separations are
not well understood. Changes to the broadening shape used
here could be made in the future to investigate whether a
change in profile shape significantly alters results.Molecular
transitions vary greatly in intensity and this may have a
greater effect in the wavelength regions where there is a
sharp drop in line intensity (’window regions’). For some
molecules with less complex structure, such as CO, these
can be very sharp changes. In such cases, having no neigh-
bouring lines, a sub-Lorentzian may have some effect on the
edges of these regions.
Other approaches have included a simple cut off at a
given wavenumber from the centroid of the line which would
be very similar to the tests performed in Section 5.3. We
find that changes in this cut off cause small underestima-
tions in the lower intensity transitions across wavelength.
However we find our metric, discussed in Section 6.1, to be
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quite general even accounting for this effect. At most reso-
lutions many transitions are binned together mitigating this
problem and our metric uses a median over a wide band.
6 EFFECT OF PRESSURE BROADENING ON
CROSS SECTIONS
In this section we systematically investigate the dependence
of molecular cross sections on the various parameters and
assumptions involved in implementing pressure broadening
with a given line list. Our goal here is to both quantify the
uncertainties propagated into cross sections due to various
choices involved in their generation as well as to define a
quantitatively meaningful approach to make those choices.
In order to pursue this here we focus on the H2O molecule
which has the most complete line list and broadening data
currently available for exoplanetary atmospheres. We inves-
tigate the dependence of the cross sections on the follow-
ing key factors: (a) pressure and temperature, (b) average
versus line-by-line treatment of broadening parameters, (c)
spectral resolution (i.e. binning) of the cross sections, and
(d) broadening agent. Note that the effect of the parameters
of the Voigt line profile, namely the profile resolution and
extent of the line wings, were investigated in the previous
sections and here we adopt the optimal values and method-
ology discussed in sections 4.2 and 5.
6.1 Definition of Change Due to Broadening
In order to assess the difference that any given aspect of
broadening makes to the cross sections we need to formally
define the corresponding change quantitatively. Since the
cross sections for any molecule can span many orders of mag-
nitude over a given spectral range and features very drasti-
cally with wavelength defining a robust metric is challeng-
ing. For example, a simple metric such as a ’mean difference’
across the entire spectral range available is often unreliable.
On the other hand, focusing on lines with maximum error
places undue emphasis on the lowest intensity lines which
will see the highest fractional change but would be hard to
observe. Conversely, focusing on the highest intensity lines
is unreliable because they are not representative of the line
population. Therefore, we use the median percentage differ-
ence across the entire spectral range as our metric of choice
to quantify the change in cross sections due to any aspect of
broadening. The median percentage change in cross section
for each line is computed as
δ = Median
{σ − σ0
σ0
}
λ
× 100 (20)
where σ0 and σ are the cross sections before and after in-
corporating the particular pressure broadening prescription,
and the median is evaluated for cross sections computed over
the entire wavelength range of interest, 0.5 - 20 µm.
6.2 Effect of Pressure and Temperature
The effect of pressure broadening on cross sections as a func-
tion of pressure and temperature is shown in Figure 9. In
the region of interest for exoplanet atmospheres, for pressure
Figure 9. Cross sections for H2O at various temperatures and
pressures using air broadening at a grid spacing ∆ν of 0.01 cm−1
wavenumbers, the output grid of this database. This corresponds
to a resolution up to an order of magnitude higher than R=105
below 10 µm.
around 10−4 to 1 atm and temperatures of 500 to 2000K)
we find notable changes to the cross section as a function of
resolution. For low resolutions (R < 100), we find the differ-
ences introduced to cross sections from pressure broadening
is <1% across all P and T considered in this work. At res-
olutions of R=5000, similar to those expected from JWST,
and representative hot Jupiter temperatures of T∼1000K
we find δ <1% at P=0.1 atm. At the highest resolution of
R=105 we find that for temperatures of 1000K and pressures
of 0.1 atm δ =60% for H2O in an H2 atmosphere. For lower
temperatures of 500K this can increase dramatically giving
δ=1000%.
Figure 3.2 shows that at low temperatures (T.500K)
the wide Lorentzian will have more of an effect than the
Gaussian profile. From this we expect to see that cross sec-
tions, (and full atmospheric models,) at low temperatures
are more effected by pressure broadening than those at high
temperatures. Figure 10 shows that, even before propagating
through an atmospheric model, we can expect cool targets
of ∼500K to be more affected by pressure broadening than
hotter targets ∼1000K by 100% or more at the highest res-
olutions. At resolution of R=105 we can expect the median
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Figure 10. Median difference between cross sections derived with
Gaussian-only broadening and Voigt broadening in the WFC3
band pass for H2O at a resolution of R=100,000. Here we show
the H2 broadening case, though self broadening case gives the
largest change to the cross section overall from pressure. For low
temperatures the difference dramatically increases as the Gaus-
sian component of the Voigt becomes narrower.
difference between the two broadening cases, (thermal only
and pressure and thermal,) for water to be 100% beyond
pressures of 0.1 atm at T=500K as shown in Figure 10. This
would lead to uncertainties in molecular abundance of the a
similar factor. The implication here is that cooler targets are
likely to be more effected by pressure broadening. When ob-
serving such cool targets with high resolution instruments
pressure broadening will potentially limit the precision on
abundance measurements. These cooler targets are likely
to have complex atmospheric structure and incorporate dif-
ferent chemistry in their upper atmosphere, even including
broadening from more complex molecules than molecular
hydrogen. However for cool targets there may be other fac-
tors obscuring observations such as clouds and hazes.
In recent years, observational programs have largely fo-
cussed on hotter targets, mostly hot Jupiters, as their thick
atmospheres and high temperatures lead to stronger spectral
features and their short orbital periods make them easier to
observe than other targets. Currently observing lower-mass,
cooler planets is proving difficult, however pressure broad-
ening may affect us more in the future when observations
become more sensitive to such planets. At temperatures
of 1000K and beyond we still find an effect from pressure
broadening though less strong. For these hotter targets we
might expect pressure broadening to have an effect in the
0.1-1 atm pressure regime of around 10-100%. As discussed
in section 6.5 this depends also on the broadening agent and
we find that self broadening for water is much stronger than
H2.
6.3 Line-by-line versus Mean Broadening
Parameters
As currently there is a lack of line-by-line broadening param-
eters for several molecules it is often unavoidable to rely on
sparse broadening data when computing pressure broadened
cross sections, as discussed in section 3.3. When only sparse
data is available, i.e. broadening parameters are available
only for a few lines, in this work representative values for
the broadening parameters are chosen based on the avail-
able data and the mean applied across all the lines. We find
that the difference to cross sections when using this method
is up to ∼20% at the output grid spacing of 0.01 cm−1 for all
pressures. In this section, we investigate the difference such
an approach makes to the cross sections overall compared to
cases where broadening parameters are available for all the
lines.
For purposes of demonstration, we use the latest line
list of H2O from the HITEMP database which includes line-
by-line broadening parameters with air broadening. In one
case, we calculate H2O cross sections over a wide range of
temperatures and pressures using detailed line-by-line val-
ues for the air-broadening parameters. In another case, we
adopt constant values for the broadening parameters av-
eraged over the entire line list and apply those values for
broadening every line. The median percentage difference in
the cross sections derived from the two cases over the en-
tire line list at the native spacing of the line list with a grid
spacing of 0.01 cm−1 is shown in Figure 11. At this resolu-
tion, we find that using mean broadening values can result
in cross sections that are inaccurate by up to 20% for observ-
able pressures (∼0.1 bar) and low temperatures (T .500 K)
where pressure broadening is strongest. For lower pressures
and higher temperatures the effect is less pronounced in a
‘median’ sense. For lower resolutions, the differences reduce.
Therefore, when numerous lines are available to calculate
representative average values for the broadening parameters
as in the present case then the mean treatment of pres-
sure broadening is a reasonable approximation to a detailed
treatment for low resolution observations.
Figure 11 shows this difference to decrease as pressure
increases. In high pressure cases the broadening becomes
wide enough such that many profiles begin to overlap. This
effectively smooths the information and causes the the dif-
ferences in profile shapes to be less distinguishable. From
Figure 9 this effect is more clear as we see at high pressures
much of the information from the individual transitions is
lost. This effect occurs at pressures greater than 0.1 atmo-
spheres implying that for high pressures of P&1 the detailed
broadening parameters for each transition may not affect
cross sections as much.
Contrary to the above scenario where we can construct
a reasonable mean from many broadening parameters, de-
tailed line-by-line broadening parameters are required to de-
rive accurate cross sections, especially from upcoming high-
precision and high-resolution observations. In the above
case, while the median error across all the lines is low over-
all, individual lines with significant deviation from the mean
broadening values can result in more than 100% difference
in cross sections which are relevant for interpreting high-
resolution observations that rely on detecting specific lines
(Snellen et al. 2010, 2014). Secondly, for several molecules
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Figure 11. Effect of mean versus detailed pressure broadening.
The curves show comparisons between cross sections obtained
using mean values for all the line broadening parameters versus
those obtained using detailed line-by-line broadening parameters.
These results are for the highest-resolution spacing of 0.01 cm−1,
corresponding to a resolution of 105-106 at λ <10 µm.
relevant broadening values are available based on experimen-
tal data for only a few lines, the average of which may not be
representative of the entire line population, leading to larger
inaccuracies than found in the above example. Finally, re-
cent and upcoming observations are already sensitive to cool
and dense planetary and Brown Dwarf atmospheres (e.g.
Fraine et al. 2014; Buenzli et al. 2015) with high-precision
observations which necessitate accurate line-by-line broad-
ening parameters.
Appendix 10.1 shows all molecules that are available
from various sources with how many lines each contains
which here we use as a proxy for how complete a line list
is, with those containing only a few thousands of lines being
most unreliable. HITEMP, HITRAN and GEISA have line
by line pressure broadening parameters generated but only
for air and self broadening, with only HITEMP containing
values for the high temperatures relevant for exoplanetary
atmospheres. In order to address the issue of pressure broad-
ening accurately in the future line lists will need to include
broadening due to molecular hydrogen, relevant for giant
planets, and be complete to high temperatures.
6.4 Effect of Spectral Resolution
One of the most important questions that can be answered
in this work is how the difference created by pressure broad-
ening to molecular cross sections is influenced by spectral
resolution. As discussed earlier, we use H2O as our case
study and consider cross sections in the HST G141 band-
pass (1.1-1.7 µm). Observations of exoplanetary spectra are
conducted over a wide range of spectral resolution, ranging
from broadband photometric observations and low resolu-
tion spectra (R . 100), e.g. with HST, to very high reso-
Figure 12. Comparison of molecular cross sections in the WFC3
G141 bandpass and the NIRSpec bandpass at HST-like and
JWST-like resolutions, respectively. The cross sections are gen-
erated using air broadening for all the molecules. Degeneracies
between the specific molecule, the abundance of the molecule and
the temperature can be harder to break at lower resolutions, how-
ever JWST’s improved wavelength and resolution will help break
these degeneracies in future.
lution spectra with large ground based facilities (R ∼ 105).
Resolution can greatly influence how an observed spectrum
can be interpreted and can break the degeneracies between
different molecules. Here we discuss the effect resolution has
on δ as a function of pressure and temperature. We find that
at the highest resolutions and lowest temperatures (R=105
and T=500K) pressure broadening can introduce a differ-
ence to the final cross section of δ=1000% for P=0.1 atm.
For lower resolutions of R=5000, similar to those that will be
attainable with JWST, the differences become much smaller.
However at low temperatures (T=500K) and high pressures
(P=1 atm) a δ of 40% is found for H2 broadening at R=5000.
For low resolution spectra (R.100) of exoplanets, that are
possible with current instruments, for representative exo-
planetary temperatures (T=500K-2500K, P.1 atm) and H2
rich atmospheres, we find the median difference in cross sec-
tions introduced by various aspects of pressure broadening
(δ) to be .1%.
For illustration, Fig. 12 shows molecular cross sections
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of several molecules binned to the spectral ranges and reso-
lutions achievable with HST (WFC3 G102 and G141 grisms,
R∼100) and JWST (NIRSpec, R ∼3000). We can see at the
higher resolution of JWST it is much easier to break the
degeneracies and identify molecules. This is also easier in
JWST due to the longer spectral range giving more poten-
tial to search for molecules.
Figure 13 shows δ as a function of P and T. We find
that δ increases with increasing resolution, reaching differ-
ences up to 100% or higher for R & 104, P & 0.1 atm, and
T . 500 K. For example, as shown in the upper panel of
Fig. 13 considering a temperature of 500 K, we find that at
a nominal pressure of 1 atm, δ can be as high as 100% for R
104 or more. On the other hand, for the highest resolutions
possible today of R ∼ 105, δ & 100% even for pressures as
low as 0.1 atm.
Similarly, the lower panel of Fig. 13 shows the varia-
tion in δ with temperature for a nominal pressure of 1 atm,
showing δ can be very high (& 100%) for T < 1000 K for
R >104. Consequently, we find that it is very important for
atmospheric models to include pressure broadening when
interpreting high-resolution spectra (R& 104) of exoplanet
atmospheres observable with current and upcoming facili-
ties (e.g. VLT, Keck, and E-ELT). Otherwise, the derived
molecular abundances will be limited by a minimum uncer-
tainty of more than 100% due to inaccurate cross sections.
On the other hand, we find that for R < 104, δ is reduced
reaching a maximum of ∼ 10% for pressures of relevance
to exoplanetary atmospheric observations of P . 0.1 atm.
Figure 14 shows many slices across these plots with both H2
broadening and self broadening, the latter having an even
larger effect on the cross sections than H2 broadening (as
discussed in section 6.5).
While our results indicate that it is important to in-
clude pressure broadening in cross sections for interpreting
high resolution observations, it is nevertheless advisable to
also include the same for low resolution spectra as well. Even
though δ is found to be at a maximum of ∼ 10% for R < 104
P . 0.1, low resolution spectra at very high precision with
HST and JWST could allow retrieval of molecular abun-
dances with uncertainties of a few percent, in which case
the 10% uncertainty in the cross sections could become a
limiting factor. Secondly, it is to be noted again that δ is a
metric of differences only in a median sense while individual
lines could potentially contribute higher δ than the median
value. Finally, while the current analysis focused on H2O
with H2 broadening the same with other molecules could
in principle lead to higher δ even at low resolutions which
future studies need to investigate.
6.5 Effect of Broadening Agent
Another important factor in pressure broadening is the pri-
mary broadening agent in the planetary atmosphere. As
shown in Eq.4, the broadening agent governs the Lorentzian
HWHM of the broadening profile. Here we find that for res-
olutions of R=100,000 the difference between broadening in
an H2 atmosphere and broadening in an H2O atmosphere
can be significant for water features such as those in the
WFC3 1-1.7 µm bandpass. At low temperatures of 500K
we find δH2 ∼1000% and δH2O ∼10,000% for pressures of
0.1 atm at R=100,000. At higher temperatures, which have
Figure 13. Effect of resolution on median difference between
H2O cross sections when pressure broadening is included com-
pared with a Gaussian-only case across the WFC3 band pass
range of 1-1.7 µm. Here we show H2O broadened by H2 though
stronger broadening can be achieved using self broadening as dis-
cussed in section 6.5. (Note: Here the individual points of the T,P
and R grid have been linearly interpolated over for plotting pur-
poses. (Hill, Yurchenko & Tennyson 2013) discusses interpolation
between temperature and pressure points.)
been shown to reduce the δ found in previous sections, we
find that for T=1000K δH2 ∼60% and δH2O ∼300% in the
same conditions. We find that across pressure, temperature
and resolution the δ from self broadening in H2O is on av-
erage 4 times greater than that from H2.
Molecular line lists containing pressure broadening
data, e.g. HITRAN or HITEMP, typically contain data for
self and air as the broadening agents, motivated by the ter-
restrial applications which HITRAN was originally intended
for. However, for giant planetary atmospheres H2 is the dom-
inant broadener and is of particular relevance for studying
atmospheres at high spectral resolution and photometric
precision. Accurate line-by-line H2 broadening data for high
temperatures are still elusive for most molecules of interest
though a few molecules have data available, particularly for
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Figure 14. Effect of resolution at different temperatures and pressures on H2O cross sections in the WFC3 bandpass. Median percentage
difference between cross sections evaluated including pressure and cross sections evaluated with a Gaussian-only, thermal broadening. At
high resolutions, high pressures and low temperatures there is the largest change to cross section. At the highest resolution of R=100,000
the median difference can be more than 1000% for H2 broadening. We see that H2 broadening of H2O is consistently weaker than self
broadening. Resolutions of between R=100 and R=100,000 are shown in colours given by the top right panel.
H2O (Partridge & Schwenke 1997) and more recently for CO
(Li et al. 2015).
Here, we investigate the effect of broadening agent on
the median accuracy of molecular cross sections for a rep-
resentative case. We consider the case of H2O for which we
have line-by-line broadening parameters with H2, self, and
air as broadening agents (Partridge & Schwenke 1997, R.
Freedman - personal communication). To illustrate the dif-
ferences made by changing the broadening agent we have
used cases where the molecule is broadened only by a par-
ticular molecule self, air, or H2 (i.e. the partial pressure is 1
in each case). Figure 15 shows the median percentage differ-
ence in cross sections caused by each of the three scenarios
compared to Gaussian-only broadening for an illustrative
case with resolutions of 104 and 105 and T = 500 K.
Figure 15 shows that it is important to carefully choose
broadening agents before generating cross sections for dif-
ferent planet types. Firstly, self-broadening can cause sig-
nificantly higher δ values compared to air or H2 broadening
at observable pressures (P ∼ 0.1 - 1 atm). Secondly, the
differences between H2 broadening and air broadening are
relatively small in the H2O case. Therefore, while modelling
H2-rich atmospheres in the absence of any H2 broadening
data for H2O molecules, though not ideal, it is more advis-
able to use air broadening than self broadening. On the con-
trary, when modelling atmospheres of low-mass exoplanets,
e.g. super-Earths that can have volatile-rich atmospheres
such as H2O-rich or CO2-rich atmospheres, it is important
to use cross sections that are generated with the appropri-
ate broadener. For example, for H2O-rich atmospheres self-
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broadening of H2O should be considered in the cross sections
rather than air broadening.
The effect of broadening agent can be substantial de-
pending on other parameters. The effect of the broaden-
ing agent is naturally strongest in regions of parameter
space where pressure broadening is expected to be strongest,
namely at high pressures, low temperatures, and high res-
olution. Fig. 14 shows the differences between self and H2
broadening for various parameters. The differences begin to
become significant at high pressures (P & 0.1 atm) for R
& 10000 and become substantial even at lower pressures for
high resolutions. For very high resolution observations at
R & 105 self broadening can lead to differences of 1000%
in cross sections. This has a much greater effect than H2
broadening over a large range of pressures, making it criti-
cal to use broadening data with the appropriate broadening
agents for interpreting observations at these resolutions. Fi-
nally, the differences in cross sections induced by different
broadening agents are particularly strong at lower temper-
atures (T . 1000 K) as the broadening has a greater effect
at these temperatures.
Given the wide range of temperatures and pressures of
exoplanetary atmospheres that are accessible to current and
upcoming observations line-by-line broadening parameters
are required in molecular line lists for different broaden-
ing agents. In particular, there is a critical need for high-
temperature (& 500 K) H2 broadening data as the most
observable atmospheres are those of hot and giant exoplan-
ets with H2-rich atmospheres, for which very high resolution
spectra (R ∼ 105) are also being reported. In the mean time,
it is advisable to use air broadening where available for such
atmospheres because while not ideal it provides closer cross
section estimates to H2 broadening for H2O and are an im-
provement on incorporating no pressure broadening at all.
Future studies would also need to investigate if the same is
true for other molecules as and when H2 broadening data
become available for those molecules. Finally, a realistic at-
mosphere will contain many different molecules and so con-
tribute broadening from many different species. For smaller
planets we expect atmospheres that are more complex, con-
taining more massive molecules with high abundance. This
will effect the pressure broadening particularly as the partial
pressure will no longer be 1 and there will be contributions
from many species. In such cases we expect the contribu-
tion to vary depending on the abundance of more massive
broadening molecules with greater pressure broadening pa-
rameters. Our current work gives an estimate for the most
extreme cases of H2O or H2 dominated atmospheres.
7 EFFECT OF PRESSURE BROADENING ON
TRANSMITTANCE
A thorough investigation of the effect of pressure broaden-
ing on fully modelled exoplanetary spectra is non-trivial and
beyond the scope of the present study. Many factors such as
the inhomogeneous P-T structure and composition of the
atmosphere will determine the final spectrum. Nevertheless,
as a simpler exercise, here we nominally asses the effect of
pressure broadening on the transmittance in a fiducial at-
mosphere represented by a uniform column of gas. As in
other parts of this study we use H2O as the only absorbing
Figure 15. Effect of broadening agent on cross sections. The
curves show median difference pressure broadening induces when
compared with Gaussian-only cross sections when broadening
agent is changed. Here the H2O molecule is considered at
R=10,000 and R=100,000 at a temperature of 500 K, chosen
since lower temperatures provide the highest effect from pressure
broadening. The figure illustrates that self broadening is 400%
stronger on average than H2 broadening and that air and H2
broadening are comparable in magnitude.
species, and we consider pressure broadening in a H2-rich
atmosphere.
Cross sections are used in atmospheric codes to deter-
mine the resultant intensity transmitted through a column of
gas. Usually, the column will undergo some changes in pres-
sure, temperature, and number density over the length of
the column. These factors combine to give an optical depth
τλ where
τλ =
∫ z2
z1
nσλdz (21)
where z is length through the column, n is the abun-
dance (number density) of the molecule and σλ is the cross
section which is a function of wavelength. The abundance of
a molecule is determined by the temperature and pressure
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Figure 16. Effect of pressure broadening on the transmittance in
an idealized atmosphere (see section 7). The contours show the
maximum percentage difference in transmittance, i.e. the scale
factor e(−nσx), induced by considering cross sections with pres-
sure broadening versus those with Gaussian-only thermal broad-
ening in the HST WFC3 bandpass. The relative difference is
shown for a wide range in key parameters: pressure (P), spec-
tral resolution (R), and maximum optical depth in the WFC3
bandpass (τ); a nominal temperature of 1000 K is chosen for il-
lustration but the general temperature-dependence is discussed in
section 7. Here the individual points of the T,P and R grid have
been linearly interpolated over for plotting purposes (see e.g. Hill,
Yurchenko & Tennyson 2013)
of the column by the simple gas law
P = nkBT . (22)
The optical depth gives a measure of how much inten-
sity will be transmitted through a column of gas based on
these properties. For a source intensity (I0λ), the resultant
intensity (Iλ) at the end of the column is given by
Iλ = I0λe
−τλ , (23)
where, the scale factor e−τλ is the transmittance.
In order to make a meaningful comparison between the
effects of altering the cross section on emergent intensity as
a function of pressure and temperature we choose to fix τ
to a single value. Here, we assume the column of gas to be
at a given constant pressure and temperature, and hence
constant density. The length of the column is allowed to
vary in order to contain the same τ regardless of pressure
and temperature. As τ is also a function of wavelength its
value alters depending on the particular molecular feature.
To fix τ we take the value at the peak of the water feature
near 1.4 µm in the WFC3 band. If only the cross section σλ
is changed, between a pressure broadened case σ1λ and an
unbroadened case σ2λ which will each have intensities I1λ
and I2λ, we can then find the effect pressure broadening has
on the transmitted intensity. This is given as
I1λ − I2λ
I2λ
=
e
− ∫ z2z1 nσ1λdz − e− ∫ z2z1 nσ2λdz
e−
∫ z2
z1
nσ2λdz
(24)
As we assume a gas of the same number density at each
pressure and temperature point then we can assume
A =
∫ z2
z1
ndz = nx (25)
where x is some distance scale. Substituting this we find
∆Iλ =
I1λ − I2λ
I2λ
= (e−A(σ1λ−σ2λ))− 1. (26)
The above expression gives the relative change to the
intensity, and hence the transmittance, for a given abun-
dance and path through a uniform column of gas induced
by using cross sections with pressure broadening compared
to those without. Using the cross section across the WFC3
bandpass of 1-1.7µm and binning down to a given resolution
we can find the difference to the transmittance of the column
of gas as a function of wavelength. As discussed above, the
length of the column is fixed such that the maximum opti-
cal depth of the column in the given bandpass equals a fixed
parameter (τ), for a given density corresponding to a given
temperature and pressure. We can then alter τ to investigate
the optically thin and optically thick regimes as functions of
pressure and temperature. We note that the change induced
to transmittance (∆Iλ) across a given bandpass is higher at
wavelengths with higher absorption, which are also of the
wavelengths of interest to observations. We therefore con-
sider the max(∆Iλ) in the WFC3 bandpass as our metric
of choice in evaluating the effect of pressure broadening on
transmittance in that bandpass. This does not take into ac-
count how signal to noise might affect taking such observa-
tions as zero transmittance (e−τ ) implies no signal; however,
here we consider only values of e−τ (which can have values
between 0 and 1) that are greater than 0.01.
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The effect of pressure broadening on the transmittance
in our idealized column of gas is similar to the effect on cross
sections discussed in previous sections. Figure 16 shows the
fractional difference (∆Iλ) pressure broadening makes to the
transmittance as a function of several key parameters: the
optical depth (τ), pressure (P), and resolution (R); a nom-
inal temperature of 1000 K is chosen for illustration but
the general temperature-dependence is discussed below. At
the outset, for low resolutions (R.100), ∆Iλ is .1% across
the HST WFC3 G141 bandpass (1.1-1.7 µm) for almost the
entire range of parameters of relevance to exoplanetary at-
mospheres, particularly for P< 1 atm, T = 500 - 3000 K,
and τ < 5. Naturally, however, ∆Iλ is higher for higher res-
olutions. Considering nominal values of τ < 1, P<0.1 atm,
and T>1000K, we find a maximum ∆Iλ in the WFC3 band
to be 6% for a JWST-like medium resolution of R = 5000,
and 75% for a VLT-like very high resolution of R = 105.
The ∆Iλ for each resolution increases with increasing
pressure and lowering temperature, particularly for very
high resolution. For our lowest T of 500 K and τ = 1, for
R = 5000 ∆Iλ is .12% for P< 0.1 atm, and . 65% for
P< 1 atm. On the other hand, for the same T and τ , for
R = 105 ∆Iλ is . 100% for P< 0.1 atm and . 2000% for
P< 1 atm. As τ increases the difference between the two
cases increases as there is more material to modify the in-
tensity. However, as τ is increased to very high values the
medium becomes optically thick and no light is transmitted
in certain wavelength regions.
This approach is simplistic as clearly it does not fac-
tor in the the changes that could happen within the col-
umn in temperature and pressure however this does give us
a first approximation of the difference induced by chang-
ing cross sections on observations of transmission spectra of
exoplanetary atmospheres. In reality, light travels through
many layers of an exoplanetary atmosphere, with different
temperatures, pressures, and densities, before reaching the
observer. The results above will hold for a specific pressure
but full spectral models of exoplanetary atmospheres, both
for transmission spectra and emission spectra, are required
for a comprehensive investigation of the effect of pressure
broadening discussed in the present work.
8 CROSS-SECTION DATABASE
In this work we present a range of cross sections for H2O,
CO2, CO, CH4, NH3 and HCN from a range of sources
shown in Table 3. These have been investigated with de-
tailed, line-by-line calculations of the Voigt profile with pres-
sure and thermal broadening simultaneously included which
no other database to date provides. The cross sections span
a temperature range of 300K-3500K and pressures of 10−4
to 102 atmospheres. Finally the cross sections have been cre-
ated in a variety of resolutions.
The data in this work benefits not only from the ad-
dition of a further dimension of pressure with an accu-
rate broadening profile, but also in being generated uni-
formly with the same code across molecules. This ensures
low and consistent systematic errors across our data. The
full database is represented in Figure 17.
Table 4. Positions of the most prominent features in the absorp-
tion cross sections of each molecule.
Molecule Feature Position µm
H2O 6.61, 5.90, 2.76, 2.67, 2.60
1.87, 1.36, 1.13, 0.95
CO2 14.95, 4.23
CO 4.57, 4.32, 2.68, 2.00
HCN 14.00, 7.30, 6.93, 4.73, 3.86
3.57, 3.00, 2.50, 1.53
NH3 15.96, 12.14, 10.37, 9.23, 6.67
6.15, 3.00, 2.26, 1.95, 1.51
1.22, 1.03
CH4 7.70, 7.40, 6.47, 3.42, 3.32
3.21, 2.37, 1.67
NO 5.32, 2.58
OH 4.20, 2.25, 1.55
8.1 Molecular Spectra of Observational Relevance
Figure 17 shows cross sections for each molecule that
has currently been addressed in this work. Many of these
molecules have had cross sections computed for different line
lists, broadening molecules and for a mean or detailed ap-
proach but here only the most complete line list cases are
shown.
Each of the cross sections contains strong molecular fea-
tures relating to the particular molecule. These features are
usually the most ideal regions for observations with low sig-
nal to noise. A list of the highest intensity features is given
in Table 4 with their representative central wavelengths.
8.2 Temperature Dependence of Cross-Sections
There is a strong dependence on temperature in these cross
sections where increasing the temperature raises the transi-
tion features in the spectrum, reducing the contrast between
the peaks and troughs of each band of transitions. Molecules
have a different temperature dependence based on their par-
tition function. Individual molecules can have a stronger or
weaker temperature dependence which can have an affect on
our observations as in an atmosphere many molecular fea-
tures will be combined. An example of the effect of such a
case is shown in Figure 18. CH4 has a stronger temperature
dependence than H2O. This leads to changes in their rela-
tive contributions to the combined cross section as temper-
ature increases. While at low temperatures the two contri-
butions are comparable, at very high temperatures the H2O
cross section is stronger than the CH4 cross section. While it
would still be possible to tell these two contributions apart
in high resolution spectra it would be more difficult to as-
sess the abundance of CH4 in the presence of H2O. This
is a general effect from the partition functions, but there
are subtleties depending on the individual transitions. For
example, transitions with high values of the total angular
momentum quantum number J, and high lower energy lev-
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Figure 17. Absorption cross sections of molecules in our database for a representative T=1400 and P=0.1 at a resolution of 0.01 cm−1
wavenumbers, using air broadening, with the same relative abundances. Such cross sections have been generated for all the molecules
over a wide range of P and T using different sources of line lists and broadening molecules. Sources are listed in Table 3.
els, become relatively much stronger at higher temperatures.
Such effects can influence the shape of individual bands and
could affect the continuum level of low intensity ‘window’
regions in spectra where opacity is low.
This is a demonstration of the effect and is not necessar-
ily a likely combination of molecules, however cross sections
such as those developed here give us a tool to understand at
what temperatures molecules are dominant, making them
easier to observe. Understanding these features and their
behaviour both with wavelength and temperature is crucial
when developing ideal band passes for observation, particu-
larly when taking telluric lines into account.
For simple molecules such as CO there are only a few
key bands in the infra-red which will contain spectroscopic
information while for more complex molecules there is a
contribution across the whole wavelength range. The most
prominent features for each molecule are listed in Table 4.
The WFC3 G141 bandpass (1.1-1.7 µm) is very well placed
to detect and characterize H2O, CH4, and NH3 absorption
features in spectra of exoplanets and brown dwarfs at low
resolution (R . 100). On the other hand, the NIRSpec and
MIRI instruments aboard the JWST spanning a wide range
of 0.6-28 µm will be able to detect a wide range of molecules
at higher resolution.
9 DISCUSSION AND SUMMARY
In this work we present a systematic and quantitative inves-
tigation of the effects of various aspects of pressure broaden-
ing on molecular cross sections for application to exoplane-
tary atmospheres. We first use H2O as our primary molecule
of choice for this investigation as it has the most complete
absorption line data. The factors we investigate include the
resolution and evaluation width of Voigt profiles, pressure
versus thermal broadening, broadening agent, spectral reso-
lution, and completeness of broadening parameters. We in-
vestigate in detail the effect of pressure broadening both on
the absorption cross sections of H2O under varied condi-
tions as well as on the transmittance of a fiducial idealized
atmosphere. We use the optimal methods resulting from this
investigation to systematically and homogeneously generate
a library of pressure-broadened absorption cross sections for
a wide selection of molecules of relevance to exoplanetary
atmospheres across a wide range of temperature, pressure,
and spectral resolution.
This study allows us to address the question of the in-
accuracies introduced to molecular absorption cross sections
from pressure broadening, both in the context of current and
future observational capabilities. As new instruments come
online with improved specifications we will have access to
a wealth of high resolution data on exoplanet atmospheres.
The interpretations of these data sets will be impacted by
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Figure 18. Comparison of CH4 and H2O across different tem-
peratures. Top: comparison of normalised partition functions
(Q(T )/Q(T = 296K)). CH4 shows a much stronger temperature
dependence than H2O. Bottom: Comparison of cross sections at
different temperatures. We see that the contrast between peaks
and troughs in both spectra is lowered at high temperatures due
to the partition function. However CH4 is is more effected due to
the higher partition function values and, at higher temperatures,
is weakened compare to H2O.
basic model inputs such as cross sections which are directly
degenerate with the molecular abundances derived using
spectral retrieval methods. The comparisons presented here
show in detail the magnitude of the errors we can expect
in these fundamental inputs to atmospheric models across a
range of parameters.
To generate cross sections we follow a prescription of
mapping line intensities broadened by an appropriate func-
tion to a fine ’sub-grid’ which finely samples the profile of
the line. This is iterated over each transition from the source
and binned to an output grid with a wider spacing, (lower
resolution,) for further use. The lines are broadened by either
a Gaussian-only model, (which uses only thermal broaden-
ing,) or a Voigt profile, (which combines the Gaussian ther-
mal and Lorentzian pressure broadening,) evaluated using
the Faddeeva package (S. G. Johnson 2012).
When evaluating the Voigt profile on a grid there are
two clear sources of error. Firstly the grid spacing may be
too wide, causing the evaluation of the contribution to each
grid point to be poor, leading also to a poor normalisation
and misrepresenting the line transition intensity. Secondly
the wings of the profile may be cut off prematurely, leading
to small fractions of intensity from the wings being missed.
This is aggravated by the range of intensity values which
span many orders of magnitude within a narrow wavenum-
ber range. This leads to the wings of isolated, high intensity
profiles affecting the continuum level of low intensity neigh-
bours greatly, which can be underestimated when a cut off
is too narrow.
As discussed in section 5 we present a method of accu-
rately evaluating the Voigt profile on a fine grid that pro-
duces minimal errors in the final cross section at resolutions
of interest. This is achieved with a spacing that is adaptive
in temperature and in pressure. The grid we adopt is found
to be as accurate as the grid from (Hill, Yurchenko & Ten-
nyson 2013) to within 0.2% at pressures of 1 atm or less and
gives a vast saving on computational time, particularly for
high pressures. We pair this grid with a cut off value, ∆νc, of
500 Voigt widths (raised to 1000 above pressures of 1 atm).
∆νc describes the separation around the wavenumber cen-
troid of the line transition up to which the Voigt profile is
evaluated to. Having investigated a range of values at differ-
ent resolutions we find 500 Voigt widths to be sufficient both
to provide good normalisation for the profile and to evalu-
ate far into the extensive Lorentzian wings. When compared
with other values of ∆νc from literature we find our value
to be more accurate ( 10-100%) at low pressures (P= 0.1
- 0.001 atm) due to the Voigt width adapting with both
temperature and pressure as the Gaussian and Lorentzian
components change. This combination of ∆νc and an adap-
tive grid provides low errors for all resolutions discussed in
this work up to R=100,000. We find errors of less than 1%
(averaging ∼0.2%) in the final cross sections at the peaks of
transition features. This increases to 10% within transition
features at very low intensity, however we find such transi-
tions to be less likely to significantly effect observations and
modelling results. Beyond this resolution it may be wise to
increase ∆νc and use a finer sampling of the profile.
Here we use a standard Voigt profile though works such
as Ngo et al. (2012) have shown that a change in velocity
of the broadening particle can alter the pressure broadened
profile shape. This would likely change the wing shape and
alter the continuum from what we present here though we
anticipate that difference to be small.
We find the effect of pressure broadening to be varied
depending on the resolution, pressure and temperature. We
choose to measure the change induced to H2O cross sections
due to pressure broadening using the median percentage dif-
ference over the HST WFC3 bandpass (1.1-1.7 µm). This
provides a reasonable estimate of the characteristic differ-
ence, though it is possible to induce higher changes for spe-
cific lines. Generally, the differences are larger for higher res-
olutions, higher pressures, and lower temperatures. For low
resolution spectra (R.100) of exoplanets, that are possible
with current instruments, for representative exoplanetary
temperatures (T=500K-2500K, P.1 atm) and H2 rich at-
mospheres we find the median difference in cross sections in-
troduced by various aspects of pressure broadening (δ) to be
.1%. For higher resolutions (R.5000), including those at-
tainable with JWST, we find that δ can be up to 40%. On the
other hand for very high resolution spectra (R∼105) pres-
sure broadening can introduce δ&100%, reaching & 1000%
for low temperatures, (T.500K), high resolutions (R∼105)
and high pressures (P∼0.1-1 atm). Such a case could be
found with instruments such as the VLT and E-ELT if cool
H2-dominated targets were observed. For hotter targets of
T=2000K this reduces to 15%, though this is a median over
wavelength and can be found to be higher (&100%) for cer-
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tain features. For spectral resolutions of R=5000, (similar to
that achievable with JWST) this reduces to δ=5% for hot
targets of T=2000K at P=0.1 atm.
From this we can see that even with very high resolu-
tions current hot Jupiter targets with temperatures of 800K-
2500K will not be greatly effected by differences induced
from pressure broadening with pressures of .0.1 atm. A
more significant change is found at pressures of 1 atm or
above, though current observations of exoplanetary atmo-
spheres typically probe pressures above 1 atm (Madhusud-
han 2012). Data on cool targets at high resolution is cur-
rently a distant future prospect and we are unlikely to be
affected by this level of uncertainty in the near future with
such targets. However, even with the lower temperature end
of hot Jupiter targets (T∼1000K) and modern day instru-
ments such as the VLT pressure broadening can cause dis-
crepancies in the cross section of 30-200% for H2 dominant
atmospheres with P=0.1-1 atm.
Molecular cross sections are degenerate with abundance
in atmospheric models and any error in cross sections results
in an uncertainty in our abundance measurements. From
this work we find that for cool targets (T∼500K) at high
resolutions (R&105) we would expect uncertainties in the
abundance measurements of at least 100% purely from the
cross section inputs to atmospheric models over those that
do not include pressure broadening for H2 dominated atmo-
spheres. A true spectrum involves many cross sections from
an atmosphere with many layers of temperature and pres-
sure and an observation through many optical depths which
will compound this difference. For a true estimation of the
difference pressure broadening will make to abundances full,
rigorous atmospheric models are needed.
Cross sections have been created from a variety of
sources which span different levels of completeness, i.e. the
number of transitions for which line data are available, and
temperature validity, i.e. the temperature up to which the
intensity values and completeness can be trusted. In this
work we focus on H2O as it is both currently detectable in
hot Jupiters and well documented in line list sources. We
find that our metric of finding the median percentage differ-
ence gives good results even when line lists have low com-
pleteness, such as the PS line list for H2O. Due to this we are
able to make comparisons between cross sections generated
from line lists of different sources.
Currently significant efforts are being made into obtain-
ing data on pressure broadening parameters for molecules
in different gasses. However, there are some cases where no
pressure broadening data is available for certain molecules.
In other cases it may be that a smaller, low temperature line
list source such as HITRAN has broadening parameters for
fewer transitions but a more accurate and more complete
line list from sources such as ExoMol does not. To investi-
gate what the best approach is in such situations a mean
approach has been tested where broadening parameters are
averaged and the mean parameter is applied to each profile.
We find that, when taken across a wide wavelength range,
the differences between cross sections generated in a detailed
manner and those with a mean broadening parameter ap-
plied is up to 20%, even at very high resolution (R>105).
However when looking in detail in a narrow wavelength band
individual lines may be inaccurate at higher pressure due
to slight differences in the broadening parameter from the
mean. Despite this, using our metric of finding the median
percentage difference we find that mean broadening parame-
ters are still useful to ascertain the magnitude of the change
to the cross section pressure broadening can induce.
We also investigated the influence of different broaden-
ing agents (self, air and H2) on the cross sections using H2O
as a case study. Generally, self broadening is significantly
stronger than H2 broadening, by about a factor of 4 on av-
erage across our range of pressure, temperature, and resolu-
tion. For H2 broadening, which is the dominant component
for giant exoplanet atmospheres that are most amenable to
spectroscopy, we see a smaller effect on cross sections than
that due to self broadening or air broadening. We find in
our current investigations using H2O that where only self
and air broadening are available, air broadening produces
a closer result to H2 broadening. As with other parameters
discussed above, the differences induced to cross sections
due to the different broadening agents are <1% for low res-
olution (R . 100). For medium resolutions of R=5000 we
find that δ ∼10% at T=500K and P=0.1 for H2O in an
H2O atmosphere (i.e. self broadening) where as δ ∼1% for
an H2 atmosphere (i.e. H2 broadening) . For hotter targets
with higher resolution (T=1000K, R=100,000) we find that
δ ∼100% for P=0.1 atm. We find that when looking at the
transitions of water in a water dominated atmosphere we
expect the effect of pressure broadening to be more pro-
nounced implying that pressure broadening is likely to be
very important for hotter water-rich targets.
A partial pressure of one has been used here, assuming
that only one broadening agent is present, though a combi-
nation of agents would be more physical, particularly with
He included. Further investigation could be undertaken to
find at what concentration other agents affect the broaden-
ing profile shape.
A final investigation has been undertaken to assess the
difference including pressure broadening in cross sections
makes to the transmitted intensity through a uniform col-
umn of gas, as a function of the pressure, temperature, spec-
tral resolution, and optical depth. Our investigation focused
on an idealized column of H2-dominated gas with H2O as
the only absorber in the HST WFC3 G141 bandpass (1.1-
1.7 µm). The results follow the general trends of how each of
these parameters influence the cross sections themselves, as
discussed above. For low resolutions (R.100), we find the
relative change in transmittance (∆Iλ) to be .1% across
the HST WFC3 G141 bandpass (1.1-1.7 µm) for almost the
entire range of parameters of relevance to exoplanetary at-
mospheres. For representative parameters of τ < 1, P<0.1
atm, and T>1000K, ∆Iλ can be up to 6% for a JWST-like
medium resolution of R = 5000, and 75% for a VLT-like very
high resolution of R = 105. ∆Iλ can be even higher for higher
T, lower T, and larger τ . While for R . 5000 the ∆Iλ are
still below ∼100%, for very high resolutions (R∼105) ∆Iλ
can be as high as ∼2000%.
Ultimately, our present work suggests that incorporat-
ing pressure broadening to compute molecular cross sections
for atmospheric models will be necessary depending on the
desired accuracy in molecular abundance estimates retrieved
from the spectra. Across all the various factors considered
in this work, for low resolution observations (R.100) of exo-
planetary spectra that are currently possible, e.g. with HST,
the median differences in cross section induced due to accu-
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rate pressure broadening is found to be .1%. For medium
resolutions (R∼5000), similar to those possible with JWST,
the differences are expected to be at the .40% level. For very
high resolution spectra (R∼105), that are possible with cur-
rent and future large ground-based telescopes such as VLT
and E-ELT, significantly higher differences are possible of
100% or even much larger, depending on other factors dis-
cussed above.
With atmospheric characterisation becoming an ever
more important part of exoplanet research we can begin
to see that pressure broadening will impact us in the fu-
ture. With medium and high resolution spectra of exoplan-
ets, both hot and cool, we can expect our abundance mea-
surements to be affected in some way. Beyond that we may
be able to detect and characterise the pressure in the at-
mospheres of other planets by finding regions of wavelength
space particularly affected and using high resolution spectra.
This goal would be difficult to achieve even with a wealth
of molecular data at our disposal as signal to noise ratios
for such data are likely to be low. The structure and dy-
namics of a full atmosphere leads to a convolution of many
profiles making characterisation of pressure broadening ex-
ceedingly difficult. Other factors such as wind speed and
Doppler broadening provide further barriers. These will be
the ultimate challenges of the future when we will eventually
be able to conduct very high resolution spectroscopy of cool
low mass exoplanets.
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10 APPENDIX
10.1 Available Line List Sources
Available sources for line lists are listed in Table 5 with
each molecule that is offered. Some lists such as those from
HITRAN, HITEMP and GEISA offer pressure broadening
parameters as well as intensity and wavelength for transi-
tions. Here we give the number of transitions for each list
for each molecule. Where two sources are available it is on
the whole better to use one with more transitions as it is
more complete, though there is also temperature validity
to consider. We have used HITEMP’s water line list as the
most accurate in this work as it is an update of the BT2
line list. ExoMol, however, does offer the most complete line
lists with the highest temperature validity range so where
possible we recommend using their line lists though they do
not currently provide pressure broadening parameters.
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Molecule HITRAN HITEMP GEISA ExoMol Yueqi Other (Source)
AlO and Isotopes - - - 5000000 - - -
BeH - - - 7858 - - -
C2 - - - - 47570 - -
C2H2 12613 - 11340 - - - -
C2H4 18097 - 18378 - - - -
C2H6 43592 - 28439 - - - -
C2HD - - 15512 - - - -
C2N2 - - 2577 - - - -
C3H4 - - 19001 - - - -
C3H8 - - 8983 - - - -
C4H2 124126 - 119480 - - - -
C6H6 - - 9797 - - - -
CaH - - - 26980 6000 - -
CF4 60033 - 291 - - - -
CH and Isotopes - - - - 53086 - -
CH3Br 18692 - 36911 - - - -
CH3Cl 107642 - 18344 - - - -
CH3CN - - 200 - - - -
CH3CN 3572 - - - - - -
CH3D - - 49237 - - - -
CH3OH - - 19897 - - - -
CH3OH 19897 - - - - - -
CH4 336830 - 240858 10 ×1010 - - -
ClO 5721 - 7230 - - - -
ClONO2 21988 - 356899 - - - -
CN - - - - 195120 - -
CO 1019 113631 13515 - - - -
CO2 169292 11193608 413524 - - 573881316 Tashkun & Perevalov (2011)
COF2 168793 - 70904 - - - -
CP - - - - - - -
CrH - - - - 13825 - -
CS 5129 - - - - - -
FeH - - - - 93040 - -
FeH - - - - - 204688 Bernath (2014)
GeH4 - - 824 - - - -
H2 4017 - - - - - -
H2CO - - 37050 - - - -
H2O 142045 114241164 67504 505000000 - 296000000 Partridge & Schwenke (1997)
H2O2 126983 - 126983 - - - -
H2S 36561 - 20788 - - - -
HBr 3039 - 1294 - - - -
HC3N 180332 - 179347 - - - -
HCl 11879 - 533 - 2588 - -
HCN 2955 - 81889 34418408 - - -
HCOOH 62684 - 62684 - - - -
HDO - - - 700000000 - - -
HF 10073 - 107 - - - -
HI 3161 - 806 - - - -
HNC - - 5619 - - - -
HNO3 - - 669988 - - - -
HNO3 903854 - - - - - -
HO2 38804 - 38804 - - - -
HOBr 2177 - - - - - -
HOCl 8877 - 17862 - - - -
Kcl and Isotopes - - - 7000000 - - -
LiH - - - 18982 - - -
MgH and Isotopes - - - 6716 - - -
N2 1107 - 120 - - - -
N2O 33074 - 50633 - - - -
NaCl and Isotopes - - - 5000000 - - -
NaD - - - 167224 - - -
NaH - - - 79898 - - -
NH - - - - 10425 - -
NH3 45302 - 29082 1138 323 351 - - -
NO 103710 115610 105079 - - - -
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Molecule HITRAN HITEMP GEISA ExoMol Yueqi Other (Source)
NO+ 1206 - 1206 - - - -
NO2 104223 - 104223 - - - -
O 2 - - - - - -
O2 1787 - 6428 - - - -
O3 261886 - 389378 - - - -
OCS 15618 - 33809 - - - -
OH 30772 41557 42866 - - - -
PH - - - 1.68×1010 - - -
PH3 22189 - 20364 - - - -
PN and Isotopes - - - 700000 - - -
ScH - - - 1152826 - - -
SF6 2889065 - 92398 - - - -
SiO and Isotopes - - - 1784965 - - -
SO2 72460 - 68728 - - - -
SO3 10188 - - 174674257 - - -
TiH - - - - 181080 157430 Bernath (2014)
TiO - - - - - 8325354 Kurucz (1992)
Table 5. A list of all available line list sources for different molecules with the number of lines available in each. In general the more
complete line lists are preferable not only as more features are evaluated within the molecular spectrum but because the continuum of
low intensity lines is better approximated.
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